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Chapter 1 Introduction 
The metals and alloys have been extensively investigated as structural materials for bone support and fracture healing aids such 
as plates, screws, spinal fixation devices, hip and knee joints, dental implants, trauma nails, coronery stents and leg screws. Most 
common used groups for implants are stainless steel, Co-Cr-Mo (CCM) alloys and Ti and its alloys. Among these metallic materials 
CCM alloys have been applied to artificial dental wires, hip and knee joints, especially to their sliding parts, such as the femoral head 
and acetabular cup, because of their good mechanical properties, biological inertness and excellent wear resistance. However, these 
properties of Co-Cr-Mo alloys are needed to be further improved to reduce the probability of failure and allergic symptoms due to 
metallosis induced by wear debris. Mechanical biocompatibility is an important element for the biomedical applications of these 
metals and alloys, and it indicates adequate mechanical properties such as great ultimate tensile strength and fatigue strength combined 
with sufficient elongation at fracture, great hardness and suitable ductility. Therefore, increasing the mechanical biocompatibility of 
CCM alloy is important element. Severe plastic deformation (SPD), namely high-pressure torsion (HPT) can induce phase 
transformation in CCM alloys. In addition, application of HPT to metallic materials allows their grains to be refined in nanometer 
scale. Phase transformation and grain refinement cause drastic increases in mechanical properties of CCM alloys. The purpose of this 
study is to fabricate high functional Co-Cr-Mo implants having excellent mechanical biocompatibility, which is an excellent 
combination of high hardness, fatigue strength, tensile strength with large elongation, by means of controlling of the phases and grain 
refinement through HPT processing.  
Chapter 2 Microstructural evolution and mechanical properties of biomedical Co-Cr-Mo alloy subjected to 
high-pressure torsion 
The electron backscattered diffraction (EBSD) maps of CCMST (CCM subjected to solution treatment), CCMCR (CCM subjected 
to cold rolling) and CCMHPT (CCM subjected to HPT). Microstructure of CCMST consists almost entirely of a face centered cubic 
(fcc) γ phase, when samples of CCMCR and CCMHPT have dual phase structures, composed of γ and hexagonal-close packed (hcp) ε 
phases. Volume fraction of the ε phase drastically enhances drastically increases in CCMCR and CCMHPT compared to CCMST. All of 
the CCM alloys show random grain orientation according to inverse pole figure (IPF) maps. In addition, the transmission electron 
microscopy (TEM) analyses were conducted to characterize the microstructure of CCM alloys. TEM bright-field images and 
associated selected area electron diffraction (SAED) patterns including key diagrams of the CCMST sample and diffracted rings 
appearing in the CCMHPT samples processed for εeq = 9, and 45 were presented in Fig. 1. For the CCMHPT samples, the diffracted 
beams tend to form ring patterns, suggesting that with HPT processing, the microstructures contain fine grains having high-angles of 
misorientation. The average grain diameters for CCMHPT samples are 78 nm (εeq = 9) and 47 nm (εeq = 45), respectively. It is possible 
to realize that the nanocrystalline grains are shown in Figs. 1 (b) with low angle of misorientation while equiaxed grains of CCMHPT 
processed to εeq = 45 are randomly aligned (Fig. 1 (d)) with high angle of misorientation.  
Increase in the dislocation densities in γ and ε phases of CCMHPT at εeq = 9 is suggested by the X-ray diffraction (XRD) analyses. 
Afterwards, the dislocation densities decrease with further increase of εeq (εeq = 45). EBSD kernel average misorientation (KAM) 
maps suggest the strain change behaviors in KAM maps that strain increase up to εeq = 9, and then decrease at εeq = 45. The volume 
fraction of the ε phase in CCMHPT samples with εeq was calculated from the XRD analyses conducted at the half radius positions of the 
CCMHPT specimens. Intensities of {200}γ and {10 1}ε XRD peaks were integrated and quantitative analyses of the volume fraction of 
the γ and ε phases were carried out. The volume fraction of the ε phase increases up to εeq = 9, and then decreases at εeq = 45. 
The mechanical properties of CCM alloys were studied using tensile tests and hardness. For the CCMST sample, the average 
ultimate tensile strength (UTS), 0.2% proof stress and elongation are 1041 MPa, 623 MPa and 15%, respectively. The CCMHPT 
sample processed for εeq = 9 has the greatest average UTS (1696 MPa) and 0.2% proof stress (1522 MPa).  HPT processed samples 
with different εeq exhibit a greater tensile strength than those of CCMST and CCMCR. The UTS and 0.2% proof stress of CCMHPT 
decrease when the εeq exceeds 9. The decrease in tensile 
strength is attributed to decrease in strain, dislocation density 
and volume fraction of ε phase in CCMHPT processed to εeq = 
45. Increasing εeq causes a decrease in the elongation from 
15% to almost 1%, and it becomes saturated in CCMHPT 
samples. 
The hardness test of CCM alloys suggests that hardness 
drastically increases with HPT processing. Increasing εeq 
results in an increase in hardness at the disk center. In addition, 
the hardness increases and then saturates with increasing 
 
 
Figure 1 TEM bright field images and SAED patterns of (a) 
CCMST, and CCMHPT processed for (b) eq = 9 (N = 1), and (c) eq 
= 45 (N = 5). The yellow and red lines are used to define γ and ε 
phases in the key diagrams of the SAED patterns. 
distance from the disk center when εeq < 45. 
Chapter 3 Grain refinement mechanism and evolution of dislocation structure of Co-Cr-Mo alloy subjected to 
high-pressure torsion  
The volume fraction of ε phase calculated from XRD analyses shows that it increases at εeq = 2.25 and then decreases at εeq = 18. 
The TEM images indicate that the occurrence of grain refinement at neighborhood of martensitic transformation CCMHPT processed 
at εeq = 2.25, and 4.5. The network structure of ε martensite form at εeq = 4.5 indicates that coarse ε martensite platelets refined to 
grains in nanometer scale. In addition, the increasing number of formed ε martensite act as a grain boundary for the refinement of γ 
phase. Refinement of elongated grains via subdivision is also observed in CCMHPT processed at εeq = 2.25, and 4.5.  Small 
misorientation change was detected in neighboring positions in the same elongated grain and occurrence of low angle crystal rotation 
around [110]γ direction inside elongated grains.  
Dislocations are accumulated with the beginning of HPT processing and dislocation densities in γ and ε phases significantly 
increase through HPT processing to εeq = 2.25. The dislocation densities continue to increase, and then, they reach the maximum 
~2.8×1016 m-2 for γ phase and ~3.8×1016 m-2 for ε phase at εeq = 9. A balance between accumulation and annihilation of dislocations is 
achieved at εeq = 9. The latter, increasing εeq through HPT processing causes a decrease in the dislocation densities. The subgrain 
diameter of the γ phase decreases, while that of the ε phase increases with HPT processing. Subgrain diameters of γ and ε phases in 
CCMHPT saturate when εeq exceeds 9. Dislocation arrangement parameters, M provides valuable information corresponded to the 
arrangement of dislocations. When M is smaller than 1, the dislocations are suitably arranged in CCMHPT. The M parameters of the γ 
and ε phases are ~0.96 and ~1.17 at εeq = 2.25, respectively, and then, they decrease with increasing εeq through HPT processing. A 
decrease in M parameter is caused by the arrangement of dislocations with increasing εeq from εeq = 2.25 to εeq = 9, even though the 
dislocation density in CCMHPT at εeq = 9 is higher than that in CCMHPT processed at εeq = 2.25. Additionally, the M parameter of 
CCMHPT decreases from εeq = 9 to εeq = 45, owing to the arrangement of dislocations and decreased dislocation density. 
The UTS, 0.2% proof stress, and elongation of CCMST are ~1041 MPa, ~623 MPa, and ~15%, respectively. CCMHPT processed 
at εeq = 2.25 has the greatest UTS and 0.2% proof stress, i.e., ~1709 MPa and ~1528 MPa, respectively. The UTS is around 1696 MPa 
when the 0.2% proof stress is around 1522 MPa in CCMHPT processed at εeq = 9. In addition, the UTS of CCMHPT slightly decreases 
with increasing εeq to 18, and then saturates as the εeq further increases. The decrease in the tensile strength is attributed to decreasing 
dislocation density and volume fraction of ε phase. The elongation of CCMHPT processed at different εeq does not significantly differ, 
and they are much lower than that of CCMST and comparable with that of CCMCR. Hardness drastically increases with HPT 
processing in CCMHPT processed at εeq = 9. 
 
 
Chapter 4 Optimization of microstructure and mechanical 
properties of Co-Cr-Mo alloys subjected to high-pressure 
torsion using a subsequent short-time solution treatment 
HPT processing causes a drastic decrease in the elongation of 
CCM alloy due to excessive volume fraction of the ε phase. 
Therefore, the distribution and volume fraction of the ε phase was 
targeted to optimize while keeping the ultrafine-grained 
microstructure obtained through HPT. The short-time solution 
treatments (time was fixed at 0.3 ks) were conducted at 1073 K, 1273 
K, and 1473 K in order to investigate the effect of short-time solution 
treatment temperature on CCMHPT. It is found that CCMHPTST 
(CCMHPT subjected to short-time solution treatment) at 1273 K 
exhibits highest tensile strength and elongation compared to other 
short-time solution treated conditions according to Fig. 2 owing to its fine-grained microstructure and removal of excessive ε phase in 
this condition. Short-time solution treatments (temperature was fixed at 1273 K) were conducted for 0.06 ks, 0.3 ks, and 0.6 ks for 
studying the effect of short-time solution treatment time on CCMHPT, and it was found that CCMHPTST at 1273 K and 0.3 ks is the 
optimized condition owing to its high strength and elongation compared to other conditions. Fatigue strength increases with HPT 
processing. Fatigue limits of CCMST, and CCMHPT and CCMHPTST are 416 MPa, 600 MPa and 625 MPa, respectively. Corrosion 
resistance of CCMHPT is comparable with CCMST while corrosion resistance of CCMHPTST is slightly better than those of other 
conditions. Cell attachment test results suggest that number of the attached cell in the CCM alloys did not show any significant 
differences; cytotoxicity is not deteriorated by HPT processing, which is consistent with corrosion test results. 
Chapter 5 Conclusions 
γ→ε phase transformation and grain refinement occur with HPT processing. CCMHPT processed at εeq = 9 exhibits a 
microstructure consisting ultrafine grains with low angle of misorientation. CCMHPT processed at εeq = 45 exhibits a microstructure 
consisting equiaxed ultrafine grains with high angle of misorientation. Volume fraction of ε phase and strain decrease at εeq = 45. The 
dislocation densities in the γ and ε phases in HPT processed CCM alloys increase with increasing εeq and reach their maximum at εeq = 
9, and then they decreases when εeq  ˃9. Grain refinement occurs over two different mechanisms; the formed ε platelets subdivide γ 
grains thereby resulting in grain refinement. Elongated grains are subdivided into the equiaxed ultrafine grains. UTS and 0.2% proof 
stress of CCM alloy increase with HPT processing and they decrease at εeq = 45. Elongation decreases with HPT processing, and then 
saturates. Hardness drastically increases with HPT processing. Excessive amount of ε phase in CCMHPT is removed with short-time 
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Figure 2 (a) Tensile strength, 0.2% proof stress and (b) 
elongation of CCMST, CCMCR, CCMHPT, and CCMHPTST 
for 0.3 ks at 1073 K, 1273 K, and 1473 K. 
solution treatment at 1273 K. In addition, recrystallization occurs in this short-time solution treatment temperature. CCMHPTST at 1273 
K maintains a fine-grained microstructure. Optimized properties, combination of high tensile and fatigue strength and elongation, 
good corrosion resistance and cytocompatibility are obtained at CCMHPTST at 1273 K for 0.3 ks. 
 
